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Traceability has been an area of much research in recent years due to the need for food 
quality and safety and the subsequent regulations and legislation that have been put in place 
around the world. There are economic and market advantages that can be gained from industry 
members that put traceability tools to use effectively. Bulk products challenge traceability efforts 
more than other foods due to the complications presented by: 1) bulk storage of many source lots 
in one container; 2) granular flow characteristics influenced by the grain and the container; and 
3) commingling practices that make exact composition of lots difficult to produce. 
Much is known about granular flow due to the importance of granular materials in 
industries around the world. Granular flow produces different flow regimes, or behaviors, under 
different conditions, and many of those conditions have been tested. There is however, a lack of 
research into what those flow regimes mean for granular mixing as grain moves through a 
storage container filled with multiple source lots. This experiment is the beginning of developing 
that understanding. It consisted of a small model layered with easily differentiable source lots 
comprised of granular materials that are the same size, shape and mass. Glass beads in easily 
identifiable colors were used to address the need for uniformity and to provide differentiation. 
The material is then drawn from an opening in the floor of the apparatus, as it would be in a 
grain facility, the layers sorted and weighed, and the mixing quantified. Much more work will be 
needed in this area of research, but the results of this experiment are promising for development 
of probability models to describe the composition of grain shipments.
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CHAPTER 1.    GENERAL INTRODUCTION 
Traceability 
According to the FAO (Food and Agriculture Organization) of the United Nations, 
traceability is defined as the ability to discern, identify and follow the movement of a food or 
substance intended to be or expected to be incorporated into a food, through all stages of 
production, processing, and distribution (FAO, 2017). Traceability is important to producers and 
consumers because it facilitates a rapid response to food security threats, documentation of the 
chain of custody and production practices, regulatory compliance, and the analysis of logistical 
and production costs (Thakur and Hurburgh, 2009). Traceability can also be used to differentiate 
between products that have subtle or undiscernible quality attributes, such as GMO versus non-
GMO (Golan, Krissoff, Kuchler, Calvin, Nelson, and Price, 2004). 
 Food quality ranges in seriousness from negative attributes like spoilage, discoloration 
and odor, to positive consumer values like texture, flavor, and color (FAO, 2003). Food security 
threats refer to all microbiological, chemical, residual, and adulteration hazards that may be 
present in food or feed that can be injurious to the health of a consumer (FAO, 2003). In the 
grain industry, many quality issues can be managed by commingling practices, such as blending 
high moisture-content (MC) grain with low MC grain to create an equilibrium MC that is 
satisfactory for the process for which the grain is intended. However, more severe issues effect 
food safety, such as contamination with aflatoxin, which requires a great deal of confidence in 





Grain Industry Challenges 
The complexity of the grain and feed industry increases the challenges for use of these 
traceability technologies. Commingling is the intentional mixing of grain to meet quality criteria 
and increase market value, and is common practice at grain storage facilities. However there is 
unintentional mixing, called mixing for the remainder of this document, which occurs and has 
not been accounted for in traceability systems. Grain is stored in bulk within bin structures that 
can hold millions of bushels of grain. Grain arrives at these facilities from a variety of sources, in 
what will be referred to as source lots in this document. Source lots of grain are added and 
removed in lot sizes that vary considerably, are received into the storage bin through a conveyor 
on the roof, and are layered on top of one another as the bin is filled. As the grain falls through 
the opening in the roof it comes to rest on either the floor or the grain that is already in the bin. 
Grain is not like a liquid and will not automatically achieve a level surface, it will come to rest at 
the angle of repose expected for the grain type and moisture content. The angle of repose is the 
maximum angle at which the grain will come to rest relative to the horizontal floor without 
sliding. The grain is removed from sumps in the floor of the bin. There is a center sump and, 
depending on the size of the bin, a number of other sumps located to either side of the center 
sump at intervals, up to a specific distance from the bin wall. A look at the research about the 
behavior of granular materials will provide a better framework for understanding the complexity 
of grain movement and challenges faced when faced with quantifying the mixing that occurs.  
Granular materials have been the subject of active research over many decades due to 
their importance in industrial processing. Although a great deal of research has been conducted 
to identify granular behavior, currently none of the research addresses the amount of mixing that 
occurs due to the specific behavior of grain as it flows in bulk through a storage bin. When 
considering the challenges and opportunities presented in developing a method for tracking 
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mixing in a grain storage facility, some reasonable assumptions can be made based on granular 
behavior from research in granular flow from a hopper bin (Nguyen, Brennen and Sabersky, 
1980). Various flow regimes can be expected from grain flowing out of an opening in the floor 
of a cylindrical bin. In a hopper bin with a vertical wall above the hopper the grain will display 
one of two flow patterns: 1) mass flow, where all of the grain is in motion, resulting in a First-In-
First-Out (FIFO) extraction; 2) one of a variety of core flows, where stagnation areas along the 
sides of the vertical wall and in the angles where the wall and hopper meet resulting in a greater 
amount of mixing; and Last-In-First-Out (LIFO) behavior. These behaviors are dependent on 
vertical wall height, load-out opening width, hopper width, and hopper angle.  
It has been determined that mass flow is only present under very specific conditions at 
hopper angles of up to 70 degrees from the edge of the floor opening, and only until the top of 
the grain reaches a critical height that is dependent on the vertical wall height of the bin above 
the hopper, where the flow pattern begins to change (Nguyen et al., 1980). Large scale 
commercial grain storage facilities often have a combination of concrete silos and steel bins. 
Concrete silos offer more versatility for segregation of grain and are structurally sound enough to 
support hoppers. Steel bins are less expensive and do not have hoppers in bins with diameters 
larger than 48 feet. Commercial storage bins range from 42-156 feet in diameter (Sukup, 2019). 
It is likely that a commercial steel bin will have a flat floor, which is beyond the 70-degree 
hopper angle where mass flow is possible. These flat floored steel bins can reasonably be 
expected to exhibit core flow behavior as a result of stagnation areas in the angles between the 




Current Traceability Methods 
The grain storage facility is one of the first nodes in the food supply chain (Thakur, 
Martens, and Hurburgh, 2011) for food and feed products containing grain, which means that the 
traceability of grain is often compromised at the beginning of the value chain.  Thakur and 
Hurburgh (2009) outlined a detailed framework for implementing traceability systems into the 
bulk grain industry. The framework consists of internal traceability, the company’s internal 
records indicating the processes and movements of the commodity in-house, coupled with chain 
traceability, the recording and sharing of information about both supplier and purchaser through 
information exchange up and down the supply chain. Internal traceability requires an ability to 
calculate the mixing at commercial storage facilities with a high degree of confidence. 
Information exchange, through a proven coding system, would complete the process of 
implementing the traceability framework and provide more confidence in the product throughout 
the grain value chain. Several options are available for creating and maintaining a traceability 
system.  Technical and operative resources available today include alphanumerical code, bar 
code, and radio-frequency identification (RFID) (Regattieri, Gamberi, and Manzini, 2006). 
Alphanumeric coding is not uniform and can differ with every agent in the supply chain resulting 
in a confusing network of information from varying sources. Bar coding (including QR codes) is 
uniform and can be very useful for conveying known product information. Radio frequency 
identification technology uses radio waves to identify objects without making any physical 
contact or requiring line-of-sight (Department of Homeland Security, 2009), and is thus far more 
useful for products that are not moved in bulk but can be used to convey information about 





Designing a model to measure mixing involved considering the challenges of grain 
industry handling practices and granular flow assumptions, then selecting a course of action that 
would simulate the granular behavior under specific conditions. If a model can be designed to 
induce one type of granular flow and in experiments does produce the expected flow, then it has 
given the desired behavior, and the measure of mixing can be collected for that behavior. If both 
consistency in the data between the experiments and the expected flow behavior are present, we 
can conclude that the model and method are not affecting the data, and that the experiments are 
repeatable. A small model was created with easily differentiable granular materials. Glass beads 
were chosen for their granular behavior and their uniform size and weight. The granular material 
was loaded in a layered manner to simulate grain from different sources arriving at the facility. 
The material was unloaded and sorted using color differentiation. The differentiated granules 
were weighed to calculate how much of the unloaded grain distributed from each of the layers. 
These data were recorded, resulting in reasonable behavior estimated based on flow regime 
characteristics. There was low variability between replicated trials. It provided strong evidence 
that flow behavior can be quantified with probability models developed to give insights into the 
amount of grain from each layer that would flow out of the bin on a per load basis. The following 
are the operational definitions that were used to describe the parameters in this model and a flow 
chart of the experiments is shown in Figure 1.  
1. Draw – A draw is the removal of grain from the model through the floor opening. Draws 
were taken in three levels: 800 grams, 400 grams, and 200 grams. The final draw of each 
trial was called a scrape since it had to be mechanically removed after gravity feed 
stopped and the grain came to rest at the angle of repose. 
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2. Trial – A trial is the data collected from the total number of draws required from the 
model bin starting full and until it is completely empty including a ‘scrape-draw’ 
simulating a bin being swept clean. 
3. Experiment – for the purposes of this study experiment represents one of 3 data collection 
sets with differing parameters consisting of 10 trials each to provide significant proof of 
repeatability and whether a strong correlation exists between each trial. For all 3 
parameters the loading scenario was the same: 10 layers of different color 8mm glass 
beads with a mass of 800g per layer were loaded through roof opening and allowed to 
come to rest at the angle of repose. 
 







The model consisted of a small transparent plastic barrel used to simulate a grain bin. The 
bottom of the barrel was cut away and the vertical walls were adhered to a floor made from a 
piece of Plexiglas as shown in Figure 2. The model had a funnel secured into a hole in the center 
of the roof for receiving the granular material. A manual slide gate was affixed to the underside 
of the Plexiglas floor for load out. The bin/floor apparatus was mounted to a wooden frame, 
which was mounted to wooden legs, allowing the apparatus to be placed over a grain grading 
scale that weighed the draws for each trial.  
 
Figure 2. Model for quantification of mixing as grain flows through a flat-floored cylindrical grain bin. 
 
Several varieties of grain were considered in combination with either colorant or dye for 
differentiation. However, there are inconsistencies in grain size, shape, density, moisture content 
and condition that could impact the results, and minimizing variability was the primary goal of 
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these experiments. Glass beads simulated the grain in these experiments while minimizing 
variability as they are of uniform shape, size, and mass.  Further, the goal of the model was to 
simulate grain for the purpose of validating the usefulness of the model. Any error in the model’s 
ability to provide consistent data must lie with the model rather than material variability. To put 
it another way, if the model does not provide consistent data and a granular material that could 
introduce variability was used, then we would not know if the error came from the model, the 
method, or the material. Using a uniform material is meant to eliminate one source of error so 
that if there is inconsistency in the data collected we could be certain that it was either the model 
or the method. Also, for differentiation purposes, the beads could be ordered in ten easily 
















CHAPTER 2.    LITERATURE REVIEW  
Introduction 
While there are many reasons for development and implementation of traceability 
systems, they can typically be considered to fall into one of three general categories: food safety, 
market competition, and economic advantage (Golan, Krissoff, Kuchler, Calvin, Nelson, and 
Price, 2004). Each of these categories will be covered in more detail in the following few 
sections. Discussions on defining traceability, challenges presented by bulk grain storage, 
granular flow complexity, and current traceability methods and technologies will follow the 
sections on why traceability is important. 
Food Safety 
“The Federal government estimates that there are about 48 million cases of foodborne 
illness annually — the equivalent of sickening 1 in 6 Americans each year. And each year, these 
illnesses result in an estimated 128,000 hospitalizations and 3,000 deaths” (FDA, 2019). The 
World Health Organization (WHO) stated that foodborne diseases not only significantly affect 
people’s health and well-being, but they also have economic consequences for individuals, 
families, communities, businesses and countries. These diseases impose substantial burden on 
the health-care systems and markedly reduce economic productivity (WHO, 2007). FDA 
economist Robert Scharff, in a paper about food illness related costs in the United States in 2010, 
stated that his best estimate of the financial burden of these illnesses to be approximately $152 
billion per year (Scharff, 2010). The FDA issues food recalls for a variety of reasons, such as 
failure to provide information about allergens, list all required ingredients, or in the case of 
foodborne illness as a result of food contamination. Since this document is primarily interested in 
the grain industry Table 1 below has been compiled from the FDA website and shows a list of 
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FDA recalls related to grain from February to October in 2019. These recalls are much more 
common than most people suspect and need to be responded to with precision and expedience. 
Due to rising populations and high demand for food, another important consideration for 
effective recalls is to be able to leave as much uncontaminated food as possible in the value 
chain, which requires a great deal of precision and accuracy with regard to food movement 
throughout the supply chain. 
Table 1. Grain related FDA recalls February through October 2019. 
Date Product Description Recall Reason 
10/04/2019 All-Purpose Flour E. coli 026 
10/3/2019 Unbleached All-Purpose Flour E. coli 026 
9/16/2019 Unbleached All-Purpose Flour E. coli 026 
9/06/2019 Cornbread and Muffin Mix Possible presence of gluten 
6/21/2019 Cookie and Brownie Mix May be contaminated with pathogenic E. coli 
6/14/2019 Flour E. coli 
6/13/2019 Unbleached All-Purpose Flour E. coli 
5/28/2019 All Purpose Flour Potential presence of E. coli 
5/26/2019 Animal Feed Elevated levels of Aflatoxin 
5/23/2019 Flour E. coli 
5/22/2019 Flour E. coli 
5/06/2019 Animal Feed Elevated levels of Aflatoxin 
3/13/2019 Flour Salmonella 
2/01/2019 Unbleached Flour Potential presence of Salmonella 
 The term food quality has different parameters depending on the food and processes 
involved in producing it, but generally consist of such quality characteristics as color, shape, 
appearance, consistency, texture, flavor, and contents (ingredients) that are desired and expected 
by the consumer. Food quality can be seen primarily as an economic issue that is described by 
the consumers, while food safety is a governmental commitment to ensuring that the food 
products available to consumers are safe for use and meet all regulatory requirements, both 
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foreign and domestic (Sarig, 2003). Food safety can be seen as a subset of food quality, such that 
food purchased can be reasonably expected to be of the flavor, texture, color, smell, and 
consistency desired and also be free from physical, biological, or chemical contaminants. Many 
experts have argued that safety is the most important component of quality since a lack of safety 
can result in serious injury or death, and it is different from most other quality attributes because 




As consumer demand drives the industry toward faster food-scandal response times, 
traceability is being applied as a tool for achieving food safety and customer confidence (Aung 
and Chang, 2014). Today’s global market consists of consumers from industrialized countries 
demanding food in broad assortments at competitive prices, from locations around the world and 
throughout the year. National and international governments around the world are responding to 
food quality and safety concerns by implementing regulations and legislation to ensure safe, 
animal-friendly production that restricts pollution and economizes on the use of resources 
(Trienekens and Zuurbier, 2008). For example, in the U.S., the Bioterrorism Act of 2002 states 
that any person who manufactures, processes, packs, transports, distributes, receives, holds, or 
imports food has the responsibility to establish and maintain records (Aung and Chang, 2014). 
Traceability has become more important to consumers in recent years due to a loss in food 
industry credibility after several food crises, such as Bovine Spongiform Encephalopathy (mad 
cow disease), Dioxin in chicken, and Foot-and-Mouth Disease (FMD). Consumers are also 
concerned with origin fraud, the presence of genetically modified (GM) ingredients, and the 




Despite the consumer expectations and government regulations for food quality and 
safety, in the U.S. the main incentives for traceability systems are motivated by economics 
(Golan et al., 2004). In short, the benefits of traceability systems translate into larger net 
revenues for the firm (Thakur and Hurburgh, 2009). In today’s economic climate, where 
customer satisfaction is a major component in company competition, traceability is an 
indispensable instrument for obtaining market consensus (Regattieri, Gamberi, and Manzini, 
2006). There are three main objectives that firms focus on when implementing traceability 
systems: improve supply management through documenting chain of custody, production 
practices, and the analysis of logistics and production costs; facilitate traceback for food safety 
and quality; and to differentiate between goods that have subtle or undiscernible quality 
attributes (Golan et al., 2004). Consumers have demanded that they be notified of the use of 
GMOs in their food products, which do not have any immediately discernible differences from 
non-GMO materials, and which can only be provided through efficient traceability systems 
(Regattieri et al., 2007). 
 
Traceability Defined 
 Traceability is defined by the European Union Law as the ability to track any food, feed, 
food producing animal or substance that will be used for consumption, through all the stages of 
production, processing and distribution (EU). Many other traceability definitions can be found 
however because traceability is a tool that can be used for a number of different objectives 
throughout the food and feed industries. No single approach is comprehensive enough to include 
all possible objectives. This means that the characteristics of an adequate and efficient 
traceability system vary depending on the objectives for that industry, and that the system cannot 
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be defined without knowledge of those objectives (Golan et al., 2004). Traceability schemes can 
be separated into two types: logistics traceability and qualitative traceability. Logistics 
traceability follows the physical movements of the product providing businesses with 
information regarding logistical information such as quantity, origin, destination, and dispatch 
date, allowing efficient tracking of the current location of products in the event of a recall 
emergency. Qualitative traceability includes identification of the source and cause of the hazard 
using information about the conditions and methods of post-harvest storage, distribution and 
processing. Qualitative traceability does not improve the quality or safety of the food but offers 
an efficient method for rapid recall (Folinas, Manikas and Manos, 2006). 
 
Bulk Grain Traceability Challenges 
In general, the costs associated with developing and implementing a traceability system 
are barriers for members of the supply chain but more heavily impact small-scale producers and 
less developed countries (Aung and Chang, 2014). The agricultural industry is faced with some 
unique challenges when it comes to implementing a comprehensive and effective traceability 
system. Agricultural commodities can be grown in different regions throughout the year and 
transported through a variety of modes which presents a unique set of obstacles with respect to 
traceability (Thakur and Hurburgh, 2009). In most cases grain is being blended and homogenized 
as soon as it arrives at the grain elevator from the farm and continues throughout the processing 
and production of the end products (Golan et al., 2004). Grain elevators handle bulk 
commodities which are graded for quality against a set standard, and if grain comes from a 
producer at a lower grade than the standard the price paid is discounted. Then the grain is 
commingled with grain that meets the standard or better in order to meet buyer specifications, 
and lot-identity is not maintained. Internal records for these commingling practices are typically 
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not well maintained. A recall will result in the removal of all the finished goods that could 
possibly be contaminated (Thakur and Hurburgh, 2009). For instance, current methods used for 
traceability are not able to deal with bulk products. As a result, industry has resorted to the 
defining of very large lots, usually referenced to production periods, such as a day or week, 
rather than to their exact origin, to compensate for the lack of information about the lot 
composition (Comba, Belforte and Dabbene, 2013). In addition to the problem such large lots 
present when attempting to identify contaminated lots during a recall, with highly impacting and 
expensive recall results, other issues and complications arise in the instances where absolute 
segregation is necessary, as with GMOs, allergens, and items with religious restrictions. 
Cleaning and isolation procedures required for absolute segregation result in high costs to the 
company and are not as feasible for continuous production, and continuous flow of raw granular 
materials is necessary to maintain production (Comba et al., 2013). While traceability is more 
difficult for the agriculture sector than for other industries, the agri-food sector must not resist 
the development of such a system, and must design a system capable of collecting, storing and 
communicating safety-related product information to the consumer (Wilson and Clarke, 1998). 
 
Granular Flow 
Granular materials play an important role in many industries such as mining, agriculture, 
and construction (Jaeger, Behringer and Nagel, 1996; de Gennes, 1999; Brennen, 2005; Mankoc, 
Janda, Arévalo, Pastor, Zuriguel, Garcimartín, and Maza, 2007). Granular materials are 
described by conglomerations of large amounts of macroscopic particles (Jaeger et al., 1996) and 
their flow patterns are much more complicated than it may seem on the surface (Ottino and 
Khakhar, 2001; Jaeger et al., 1996). The underlying issue is the recognition that granular material 
is a new state of matter not easily described by comparison to solids, liquids or gases, although it 
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has some things in common with each of them (Ottino and Khakhar, 2001; Jaeger et al., 1996). 
The central observation is that pressure measurements at the bottom of the bin or silo of grain are 
much smaller than they would be in a fluid and therefore flow rates remain constant (de Gennes, 
1999; Mankoc et al., 2007).  
In granular flow the direct particle-particle interactions play an important role in 
determining the flow properties. Different types of flow are distinguished by the amount of time 
the particles are in contact with one another. The behavior of slow flows, like those of grains, are 
dominated by the amount of time the particles are in contact with one another and result in large 
transient structures called force chains where the random motions of individual particles play a 
small role. Force chains exist only briefly and have large normal forces at their contact points 
and carry much of the stress until they buckle or are taken over by other force chains (Brennen, 
2005). Segregation is an inescapable byproduct of flow and granular mixtures segregate 
according to small differences in density and size (Ottino and Khakhar, 2001). 
If the granular material in the bin or silo is dry and non-cohesive, as with dried 
agricultural products, the forces between them are repulsive and the shape of the material is 
determined by the bin walls and gravity. There has been much study of the flow rate of granular 
materials through an orifice due to the many industrial applications. Unlike fluids, the flow rate 
of granular materials discharged through an orifice is not dependent on material height. When 
the height of the material is about 1.2 times the diameter of the bin the pressure at the bottom is 
maximized and flow rates remain constant. Flow rate is independent of the bin diameter (L) 
under conditions where the diameter of the silo (L) is greater than 2.5 times the diameter of the 
outlet orifice (D0), and when the diameter of the bin  (L) is greater than the diameter of the outlet 
orifice (D0) plus 30 times the diameter of the particles (dp), equations shown below. 
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𝐿 > 2.5 × 𝐷       (1) 
𝐿 > 𝐷 + 30 × 𝑑          (2) 
Where,  
L = bin diameter 
D0 = outlet orifice diameter 
dp = particle diameter 
The experiment tested the flow rate of beads of various materials and shows that the number of 
beads that fall in a given time are only slightly dependent on the material from which the beads 
are made (Mankoc et al., 2007).  
Two main flow regimes are found in hopper bins: 1) mass flow in which all the granular 
material is in motion when the orifice is open; 2) core flow in which stagnation areas form along 
the walls of the vertical bin walls and in the angle between the walls and hopper. These 
stagnation areas can take on a few different shapes and therefore there are two basic types of 
core flow: 1) the stagnation occurs primarily in the angle between the vertical wall of the bin and 
the hopper; and 2) the stagnation areas extend up the vertical wall of the bin. Both types form a 
funnel that either goes straight to the edges of the orifice opening, or that has areas of slippage 
above the orifice along the hopper. Hopper angles of 60 degrees or less result in mass flow. A 
transition between mass flow and core flow occurs when the top surface of the grain reaches a 
critical height, which is dependent on the vertical wall height. Mass flow does not occur for 
hopper angles above 70 degrees (Nguyen, T., Brennen, C., Sabersky, R., 1980). 
 
Methods and Technology 
There have been many methodologies and technologies proposed for efficient food 
traceability systems, some can be customized to fit multiple aspects of the food industry, and 
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others have been designed specifically for certain food product value chains (i.e. bulk grain). 
There are commonalities between them however because of the three basic drives for traceability 
systems: 1) food quality and safety; 2) economic advantage; and 3) market competition (Golan et 
al., 2004; Thakur and Hurburgh, 2009, Trienekens and Zuurbier, 2008). The ISO 22005 Food 
Traceability Standard requires that companies operate on the principle of one-up-one-down, 
requiring them to keep records about who their immediate supplier is and to whom the product is 
being sent. In reference to traceability the term “tracking” is described as the ability to follow the 
downstream (forward) path of a particular product, while “tracing” is the ability to identify the 
origin (backward) path of the product or products used to manufacture the trade unit (Thakur and 
Hurburgh, 2009). Golan (2004) states that to balance the costs and benefits of an efficient 
traceability system it should be characterized by: 1) the breadth, amount of information 
collected; 2) depth, how far backward and forward the system can trace the relevant information; 
and 3) precision, the confidence level to which the system can effectively target the movement of 
a food product. A working traceability system will require the combination of a methodology for 
analysis and an information technology system that together provide both internal and chain 
traceability (Thakur and Hurburgh, 2009). The traceability system must be relevant and usable 
by all members of the value chain without requiring the sharing of proprietary data that could 
compromise market competition, security or cost (Wilson and Clarke, 1998). Much research has 
been done into the various technologies that can be used for collecting data, communicating 
along the supply chain, and verifying the substance or action is indeed what has been claimed. 
Thakur and Hurburgh laid out a very detailed framework for implementing a traceability system 
in the bulk grain supply chain consisting of both internal and chain traceability modes. The 5-
step framework consists of: 1) determining a traceability plan that meets company objectives and 
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regulatory compliance, 2) implementation, 3) evaluation, 4) validation of the plan, and 5) system 
maintenance for continued use and improvement. Some tracking technologies, and 
communication and verification techniques that have been suggested and researched are briefly 
discussed in the following paragraph.  
 RFID (radio frequency identification) markers are an appealing strategy for collecting 
data about granular flow and mixing and have been used in other continuous flows of granular 
material, namely iron pellets. Regattieri et al., studied the use of alphanumeric codes, bar codes 
and RFID tags and implemented a system using alphanumeric coding and RFID tags in the 
famous Parmigiano Reggiano cheese company with success. Grain presents a more complicated 
product than large wheels of cheese or iron pellets due to the physical size of the units and the 
requirement that the RFID markers not compromise the quality or integrity of the food or be 
dangerous to the consumer. A device is needed that can remove the markers from the grain 
during continuous flow before the grain is processed or ground (Comba et al., 2013). Pill sized 
markers have been designed from food-grade materials, such as sugar, printed with food-grade 
ink, and inserted into the grain lots at harvest. This is primarily an off-line approach, however, 
and is only suitable for modelling and validation purposes (Comba et al., 2013).   
Currently a combination method for tracing grain, consisting of the use of barcodes or 
QR codes for small packages and RFID tags for large product transports, has been suggested and 
tested in the wheat pasta industry in China and has given favorable results within the parameters 
set by the researchers. The design of the batch encoding system consisted of 1) identifying 
appropriate technologies (QR code and RFID were selected for their study), 2) encoding for raw 
material batches, 3) encoding processing batches, 4) traceability batch encoding, 5) small 
package identification using a QR code, 6) package bin identification using RFID, and 7) 
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establishing the relationship between the QR code and the RFID. The coding methods start with 
a 14 digit code for the raw material, 16 digits for the batch code, 20 digits for the traceability 
batch code, and 96 bits of information recorded in the RFID. Each code consists of a set of 
numbers that identify such information as origin, storage facility, date of entry, process line, 
process weight, process date, packaging date, processing batch, and grade. Once the product is 
packaged it is labeled with a QR code containing this information. The QR codes for each 
package are recorded into a RFID tag affixed to a bin for holding a specific number of finished 
product packages (Qian, Yang, Wu, Fan and Xing, 2012). The only issue with this system as 
they conducted it is that they used a first-in-first-out (FIFO) assumption for the raw material 
batches coming from the storage bins. The following section on granular flow will discuss why 
FIFO assumptions cannot always be made. 
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CHAPTER 3.    MATERIALS AND METHODS 
Background 
Current research on grain traceability has not addressed or quantified the amount of 
mixing that occurs as grain is loaded and unloaded from a storage bin.  Determining the best 
approach for adding to the body of knowledge in this area required taking current understandings 
about granular flow characteristics and the variability inherent in performing those calculations 
into account. It was determined that the most practical approach to quantifying the level of 
mixing in a grain bin would be to build a model and record measurements of the mixing between 
various layers. There are discrete element modeling software programs, such as EDEM, that can 
perform simulations of the mixing and flow processes. The outputs are the results of a numerical 
method for computing the motion and characteristics of a large number of small particles using 
known frictional, plasticity, gravitational, and attractive potentials. No physical materials 
modeling has been completed to compare theoretical models to practical results in this context to 
ascertain their validity. 
 
Criteria and Constraints 
Commercial grain storage facilities receive grain from a variety of sources leading to a 
complex mixing dynamic that occurs between varying layers and depths of grain (Thakur and 
Hurburgh, 2009). Grain can be transported in bulk sizes ranging from semi-truck loads at 1000 
bushels, train car loads at 3500 bushels, and river barge loads at 62,500 bushels (Blaze, 2019; 
Clowdis and Horowitz, 2009). This means that the layers of grain within a bin may come from 
different locations, and at vastly differing bushel ranges, resulting in a great variation in depth of 
each source layer. Little research has examined these layers to quantify the flow and mixing that 
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occurs within the storage bin. Granular flow behavior and grain bin diversity will be discussed in 
the following few paragraphs and will clarify the challenges involved with grain traceability.  
Grain exhibits various flow regimes in vertical cylindrical bins. These patterns are 
dependent on the width of the bin (W), the hopper angle (), the width of the opening in the 
bottom (D), and height of the granular material in the bin above the exit opening (H), shown in 
Figure 3 below. 
 
Figure 3. Grain bin measurements used for predicting flow behavior. 
For small bins with wedge-shaped or conical hoppers, the grain flows in a fairly uniform way 
resulting in what is called “mass flow” and is described by all the grain being in motion once the 
load out gate has been opened. The flow regime changes if a vertical wall is added above the 
hopper, and changes again if the angle of the hopper is increased as measured from the center of 
the hopper (). The result is that material along the bin walls and in the angles where the hopper 
and wall meet become stagnant and allow for what is called “core flow”. Core flow is 
characterized by the material in the center flowing through the stagnated areas. Figure 4 below is 
an image depicting the difference between mass flow and core flow. With hopper angles less 
than about 60 degrees, mass flow will result, and the grain will leave the bin in a first-in-first-out 
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(FIFO) behavior until the top of the grain (H) reaches a critical value (HAC) which is dependent 
on the height of the vertical wall above the hopper and the bin diameter. The FIFO pattern will 
occur until the top of the grain reaches a critical height where stagnant areas develop as a result 
of the vertical wall above the hopper (Nguyen, Brennen and Sabersky, 1980). 
 
Figure 4. Flow regimes that may be present in a cylindrical storage bin (Søgaard, Olesen, Hirschberg, Madsen, 
Allesø, Grnaes, and Rantanen, 2017). 
Mass flow occasionally occurs with hopper angles as high as 70 degrees when specific ratios are 
in ideal ranges, however mass flow is not possible with a flat floor (no hopper present) (Nguyen, 
et al., 1980). Given that many commercial bins have flat floors, it is reasonable to expect 
stagnation at the sides and in the angle around the bottom between the vertical wall of the model 
and the horizontal floor. Expected stagnation indicates the behavior of the granular flow may 
produce last-in-first-out (LIFO) removal of grain, or some variation between FIFO and LIFO.   
Grain storage bins come in a variety of sizes and options to best meet the needs, 
challenges, and efficiencies required at each storage facility. The Sukup website lists bins with 
hoppers ranging from 15-36 feet in diameter, holding up to 65,000 bushels of grain, and 
commercial bin sizes range from 42-156 feet in diameter and holding up to nearly 2 million 
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bushels of grain (Sukup, 2019). Many commercial grain storage containers are cylindrical steel 
bins, with a flat floor and a row of a mechanical gates that open for grain load-out. The row of 
mechanical gates in the floor are positioned with one in the center of the bin and, depending on 
the width of the bin, one or more to either side of the central gate, with the gate furthest from the 
center being no more than 4 or 5 feet from the bin wall. Grain is generally drawn from the central 
gate first which creates stagnation areas at the angle of repose from the center gate up the bin 
wall. Next, the gates to the outside of the central gate are opened, and so on until the grain no 
longer flows and must be manually or mechanically removed. The grain remaining in the bin will 
be in piles on the floor between the gates, having stopped flowing at the angle of repose as 
shown in Figures 5-7. Flat floored bins provide more storage space, but do not allow for 
complete removal of the granular material without manual or mechanical assistance, and 
therefore, are not beneficial when segregation or product tracking is necessary. It would be 
difficult to build a hopper that could withstand the weight of grain carried and stored in the larger 
steel storage bins. 
 
Figure 5. Depiction of a large steel bin having been emptied of grain starting with the central orifice, then the side 
orifices, with the grain coming to rest at the angle of repose. 
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A top down view of the grain, as seen in Figure 6, shows the flow pattern sloping down at the 
angle of repose. The grain at the bin walls is much deeper than it is in the bumps between the 
orifices because the bin walls are further away.  
 
Figure 6. Flow direction of grain in a cylindrical bin with 3 load-out orifices. 
Figure 7 is a representation of the cross section of the grain and shows the various angles and 
levels of grain left in the bin after gravity feed has stopped.  
 
Figure 7. Cross section of grain left in a cylindrical steel bin after gravity load-out has stopped and the grain has 
come to rest at the angle of repose. 
Due to granular flow characteristics, the complexity of the source layer diversity, and the 
variability in behavior that the bin options allow for, criteria and constraints were outlined for the 
model. To ensure consistency in data collection and to focus on answering the question of 
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whether the model would be able to provide precise data within the ranges of reasonable 
expectations, the following model criteria were selected: 
 Small bin size for manageable segregation and data sets 
 Flat floor with centrally located slide gate for load-out simulation 
 Centrally located funnel loading system in the roof 
 8mm glass beads of uniform shape in ten easily differentiable colors 
 
Model Design 
The physical model, in Figure 8 below, was designed within the criteria and constraints 
outlined by the project parameters. The individual components are discussed in further detail in 
the following paragraphs.  
 
Figure 8. The model used to perform these experiments with labels for part identification. 
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Other requirements for the model focused on practical challenges such as ergonomics, 
consistency, mitigation of potential error factors, and collecting a data set of relevant size for 
determining the usefulness of this model in predicting flow behavior.  
A transparent model provides the quantification data desired and allows for the capture of 
visual information about granular flow, with specific flow patterns and mixing behavior from a 
flat-floored cylindrical storage container. The bin model was a transparent plastic barrel with the 
bottom removed and a lid for the ‘roof’. Receiving of granular material, loading, was 
accomplished using a funnel that could accommodate the flow of 8mm beads inserted into the 
center of the container lid. A dimensional analysis of the beads was performed by taking a 
random sample of ten beads from each source lot (color), for a total of 100 beads. Calipers and a 
grain grading scale were used to measure the dimensions of the beads. The dimensions collected 
were: 1) diameter of the round portion, 2) the length of the flattened portion where the hole runs 
through the center, and 3) the mass. Figure 9 below shows the shape of the beads used and gives 
the averages of the measurements taken.  
 




The bin was adhered to a 12-inch by 12-inch piece of transparent Plexiglas designating 
the flat floor, with a hole cut into the center of the bin area using a waterjet cutter. The load-out 
sump in the floor was designed after mechanical slide gates in commercial storage facilities but 
was operated manually. Guide rails hold the gate to the bottom of the exterior of the floor, and 
frames kept the gate door from sliding too far forward or backward and leaving the guide rails 
entirely. A handle was affixed for sliding the gate open and closed. The bin floor was mounted to 
a 12-inch by 12-inch wooden frame for support and mounting purposes. The frame was mounted 
to wooden legs that held the model bin above the surface of the table. A Seedburo Equipment 
Company model 9000AG Grain Grading Scale was placed under the frame, leveled, and 
centered so that the grain fell directly into the one-liter container placed on the scale. This 
allowed the experimenter to draw grain into the cup at the varying target weights described by 
each of the 3 experiments, which will be covered in detail in the following paragraphs.  
In this research a draw is the predetermined mass of granular material removed from the 
bin by opening the slide gate and allowing gravity flow. When gravity flow ceased the grain 
remaining in the bin was removed in what is called a scrape-draw, or just scrape, in these 
experiments. A trial consisted of first loading the bin in the same manner each time by pouring 
800 grams of each source layer into the funnel and allowing the beads to flow naturally into the 
bin and come to rest. The source layers were loaded into the bin in the same order each time. 
Once the bin was loaded with all ten source layers and all the material had come to rest, draws 
were removed and sorted with the mass of each color (layer) present in that draw measured and 
then recorded. A trial was one set of data collected from bin full to bin empty, including the 
scrape. Three experiments were performed, each consisting of ten trials, and differing only in the 
designated mass of each draw. Experiment 1 was performed using eight 800-gram draws and a 
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scrape simulating a scenario where a facility has taken in ten semi-trucks of grain from different 
sources and has then removed and shipped grain using the same mode of transportation. 
Experiments 2 and 3 were performed using 16 400-gram draws and 32 200-gram draws 
respectively, both followed by a scrape-draw. Experiments 2 and 3 provided more data points 
and allow a more detailed view of when specific layers first begin to emerge and when they are 
depleted. A flow chart of the 3 experiments is shown below in Figure 10. 
 
 








The results of this experiment are promising. Based on our understanding of granular 
flow regimes the expectation was for the formation of stagnation areas within the bin due to the 
flat floor in this model.  It is also reasonable to expect LIFO behavior if stagnation occurs. The 
results of the trials from these experiments show data consistent with the expectations. The 
results also show consistent patterns with low standard deviations indicating that the behaviors 
mapped by the data collected provide precise details of the flow pattern and mixing behavior of 


















CHAPTER 4.    RESULTS AND CONCLUSIONS 
Traceability has become an important part of the food supply chain for the following 
three main reasons: quality and safety regulations and legislative compliance; economic concerns 
focused processes to increase efficiency, productivity, and profitability; and to increase market 
competitiveness by providing tools for: 1) differentiating foods with subtle or undetectable 
quality attributes; and 2) detailed information about their products to meet the consumer demand 
for product awareness (Thakur, Martens and Hurburgh, 2011; Golan, Krissoff, Kuchler, Calvin, 
Nelson, and Price, 2004; Trienekens and Zuurbier, 2008). The grain industry presents unique 
traceability obstacles, and challenges the methods and technologies used by other industries to 
track and trace products.  
A grain handling organization begins commingling source lots of grain as soon as the 
grain arrives at an elevator from the producers. This is due in part to standardization of the 
commodity value of grain based on quality. If grain is delivered to the elevator in a condition less 
than the standard the producer is paid a discounted price for the source lot. The grain elevator 
then ensures that they receive top value for the grain by commingling the subpar source lots with 
higher standard grain to achieve an equilibrium quality value that meets the specifications of 
their buyers (Laux, Mosher, and Hurburgh, 2015). Grain also mixes unintentionally in storage 
facilities due to bulk storage methods where grain from multiple farms or regions is stored 
together in a large bin. Granular flow behaviors add another level of complexity to the  can 
provide mass flow under specific conditions, but with a flat-floored steel bin the flow regime will 
take on core flow behavior, resulting in a mixture of source-lots as each load is removed from the 
bin and offering a LIFO (last-in-first-out) behavior. To date, the amount of mixing that occurs as 
grain is moved through a flat-floored steel bin has not been quantified. 
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From the point of storage, there are currently two assumptions that can be made to 
account for grain source-lots moving out of the bin as it is emptied with regard to traceability: 1) 
the facility can assume that the bin is generating mass flow where the grain is considered to all 
be in motion every time the loading gate is open, and the resulting source-lot composition is 
maintained; or 2) the assumption that all source-lots are a part of the composition of each draw 
from the bottom of the bin. Due to the lack of knowledge about the exact composition of the 
draw during load-out assumption 2 leads to the use of large-lot labeling using a processing time 
frame, such as a day or week. This leads to waste in the case of a food recall emergency, where 
all products that may have contaminated grain in them must be destroyed. Large-lot labeling is 
an imprecise method for traceability that can be very expensive, both in the cost of removal of 
large amount of food from the value chain, and in the amount of money lost for the company 
since the products are now not available for consumer purchase (Comba, Belforte and Debbene, 
2013). There are three main reasons why neither the mass flow, nor large lot assumptions are 
effective.  
1) Mass flow only occurs in small bins with hoppers that are specifically designed to 
develop that flow characteristic;  
2) Currently the amount of mixing that occurs between source layers during the core flow 
that is produced by large bins with flat floors is unknown; and  
3) The over-bounding approach for lot identification presents weaknesses in immediate 
identification of the contaminated product lots and results in expensive and highly impacting 





Materials and Methods 
Much research has been done on granular materials and granular flow due to the 
importance of such materials in the construction industry. This body of research provides a great 
deal of information about particle-particle interactions during granular flow and the flow regimes 
that can be expected under a variety of conditions. Granular flow in hopper bins has been 
observed to offer mass flow, in which all the grain is in motion when the gate in the bottom of 
the hopper is opened to allow flow of grain. The motion of grain in mass flow does not present 
any stagnation areas and offers a FIFO (first-in-first-out) behavior, at least until the top surface 
of the grain reaches a critical height and begins to funnel. Mass flow is only present in bins with 
hoppers and only when the hopper angle, bin wall height, hopper width, and hopper opening are 
in specific ratios with respect to each other. In the case of a flat floored bin core flow behavior is 
observed in which grain pours through the center of the mass of grain creating stagnation areas 
along the sides of the vertical walls and in the angles between the vertical walls and the floor of 
the bin. Core flow behavior results in a LIFO (last-in-first-out) behavior where a mixture of the 
bulk of grain comes through the opening with each draw due to the funneling effect through the 
body of grain and resulting in the top layers being depleted before the middle and bottom layers. 
With a flat floored bin a certain amount of the bulk of grain will remain in the bin after the 
gravity feed has removed all but the portions in the stagnation areas in the angles between the 
vertical walls and the floor, where the grain will come to rest at the angle of repose prescribed by 
the grain type and moisture content of the grain. If the bin does not have an augur sweep to feed 
the remaining grain through the opening the bin will need to be cleaned out. Software has been 
developed using the equations for granular interactions and flow behaviors and models can be 
built within the software to simulate and study granular behavior. The quantification of mixing 
behavior, however, has not been measured or compared against the theoretical software solutions 
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to ensure that the results of the theoretical models are practical.  
This model for the quantification of granular mixing consisted of a small, transparent 
plastic bin with one receiving point in the roof, a flat floor mounted on a stand to elevate the 
model above the surface of a grain grading scale, a slide gate in the floor of the bin for 
unloading, and a one liter plastic measuring vessel for catching the grain loads as they fell 
through the gate opening. The bin is loaded the same way each time with ten layers of 8mm glass 
beads, each an easily differentiable color. The layers were placed in the following order each 
time from bottom to top: green, orange, opaque, blue, yellow, rust, pink, teal, purple, and black. 
Each layer of beads weighed 800 grams ± 0.4 grams. Three experiments were performed with 
ten trials per experiment. Each trial is the collective data from the bin being first filled according 
to the prescribed method, and then completely emptied using incremental draws from the gate in 
the bottom of the bin. The first ten trials were performed using draws of approximately 800 
grams simulating a facility where the receiving transportation mode and the load-out 
transportation mode were the same (i.e. semi-truck loads, etc.). Trials 11-20 were performed 
using draws of approximately 400 grams, and trials 21-30 were approximately 200 grams. The 
second and third sets of trials were completed to provide more data points, and the ability to see 
when certain layers began to enter the mix, and when they ceased their appearance. The final 
draw of each of the 30 trials was a scrape, or clean-out draw, to remove all the material that 








The experiments resulted in 5900 data points including the mass of each of the 590 draws 
as shown in the table below.   
Table 2. Data points collected from the mass of each color present at each draw of every trial. 
 Trials  Draws  Colors  Total 
Experiment 1 10 x 9 x 10 = 90 
Experiment 2 10 x 17 x 10 = 1700 
Experiment 3 10 x 33 x 10 = 3300 
       5900 
 
The experiments answered two research questions:  
1. Is the behavior seen in the experiment consistent with the expected behavior, given an 
understanding of granular flow in a bin with no hopper?  
2. Does the model provide consistent data so that the results are similar across the trials?  
The model gave the expected core flow regime and the results show that the LIFO (last-
in-first-out) behavior expected was indeed present. Figure 11 below shows the average mass of 
each of the colors present in each of the draws in 800-gram increments for all 30 trials. The 
image clearly shows that on average all but the top layers are present in the first 800 gram draw 
while the funnel is forming. The presence of each of the bottom 7 layers immediately drops off 
as those layers become stagnant except for some small amount of slippage. The visible trend 
seen in the graph is that once the layer above begins to diminish, the layer below peaks, showing 
that once the funnel is formed the layers exit in a top down fashion. The top layer (Layer 10) 
denoted by the black line clearly shows a very early peak in flow and then is depleted by the time 
there is just under 3000 grams of beads remaining in the bin. Layer 9, denoted by a purple line, is 
the second layer to be completely removed from the bin and is gone by the time there is 




Figure 11. Average granular flow by mass of all 10 layers as they moved through a cylindrical bin with a flat floor 
across 30 trials. 
Layers 8 and 7 have a short spike early, when the core is funneled through. The spikes fall off 
while the upper layers pour through. It is assumed the spike emerges again when the top of the 
funnel reaches the level of those colors and are depleted between 1500 grams and 500 grams 
remaining, respectively. Similarly, the bottom seven layers have immediate presence and flow 
readily in the first 800-gram draw while the funnel through the center is forming, diminish in 
presence a great deal as they are forced into stagnation, and begin to show larger masses as the 
upper layers have been depleted and the top of the funnel reaches those layers. The large spike at 
the 8000-gram mark represents the final draw, which is a scrape, or clean-out, draw and is the 
physical removal of the beads remaining in the bin once gravity flow has ceased. 
 Figure 12 shows two close-ups of the averages from experiments 2 and 3 respectively and 
show the pattern of the grain in a more refined way due to the additional data points. This view 
of the data shows the first few data points for each experiment, up to about 1000 grams drawn 






















Total Mass Drawn (g)
Average of 30 Trials
Layer 10 Layer 9 Layer 8 Layer 7 Layer 6
Layer 5 Layer 4 Layer 3 Layer 2 Layer 1
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and immediately drop off as the top layers increase, and that the top 5 layers appear in order in 
subsequent draws.  
  
Experiment 2 with 400 gram draws Experiment 3 with 200 gram draws 
Figure 12. Close-ups of the averages of the early stage behavior for each layer across 30 trials. 
Figure 13 shows similar information but in a slightly different manner. In this graph the average 
mass of each color in 800-gram draw increments for the 30 trials is shown in column format with 
error bars programmed to the calculated standard deviation of the data sets. 
 
























Draw Number (~800g each)
Average and Standard Deviation of 30 Trials
Layer 10 Layer 9 Layer 8 Layer 7 Layer 6 Layer 5 Layer 4 Layer 3 Layer 2 Layer 1
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The standard deviations, shown in the error bars on Figure 13 and in Table 3 below, of the data 
sets are small and suggest that the pattern of behavior of each layer is consistent and therefore 
predictable, given enough data. 
Table 3. Standard deviation for each layer in 800 gram increments for 30 trials. 
Black 800g 0.6 25.6 20.1 12.1 12.8 5.8 1.7 0.6 0.4 
Purple 800g 11.6 8.5 15.1 14.7 9.1 8.7 3.3 1.3 0.9 
Teal 800g 12.2 12.7 11.4 10.7 10.9 9.4 9.7 1.5 0.7 
Pink 800g 10.3 6.3 5.9 11.6 10.0 12.8 14.1 5.2 3.3 
Rust 800g 8.6 5.8 5.0 6.2 12.6 18.2 10.4 12.4 6.1 
Yellow 800g 10.3 4.9 4.3 5.0 11.5 22.4 10.3 14.2 12.6 
Lt. Blue 800g 10.8 8.3 4.9 3.2 5.4 30.3 13.8 14.4 15.9 
Clear 800g 10.4 4.0 4.3 2.2 2.7 25.6 10.1 18.0 18.1 
Orange 800g 8.1 5.0 3.3 2.8 2.5 13.2 13.3 17.7 18.4 
Green 800g 6.6 4.3 2.8 3.3 2.2 7.7 17.7 24.0 23.5 
Figures 14 through 16 are a comparison of the average mass of one specific layer for 800-gram 
draw increments and for all three experiments. These graphs show that across all 30 trials the 
behavior of the layer was very similar, and each has their own specific pattern of appearance, 
flow, and dissipation. Figure 14 contains the data for Layer 10, showing that for all 3 
experiments the majority of Layer 10 is nearly extinguished between draws 2 through 5.  
 
Figure 14. A comparison of the appearance of Layer 10 at 800-gram increments across 3 experiments. 
Figure 15 is representative of Layer 8 and shows what looks more like a normal distribution 
























Draw Number (~800g increments)
Average Mass per Draw
Experiment 1 Experiment 2 Experiment 3
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dissipates over the course of more draws than were shown in Layer 10. Layer 10 had one draw 
that averaged at least 300 grams for all three experiments, but Layer 8 has essentially no draws 
where more than 200 grams are present. 
 
Figure 15. A comparison of the appearance of Layer 8 for 800-gram increments across 3 experiments. 
Figure 16 shows a comparison of the behavior of Layer 1, the bottom layer, for 800-gram 
increments across 3 experiments. This figure shows approximately 10% of Layer 1 is removed in 
the first draw as the funnel forms, is then forced into a mostly stagnant behavior until nearly 
5000 grams of grain have been removed, and that nearly 500 grams of Layer 1 remain in the bin 
after gravity feed has ceased. 
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 The data provided by the model are promising since the two desired outcomes are evident 
in the resultant data. Expected outcome 1: core flow behavior resulting in a flushing of the 
material in the center column of the bin and mixture between some or all the layers throughout 
the entire process, followed by the top layers pouring through the core to be depleted first. 
Expected outcome 2: consistency between trial data sets showing that the model is able to 
provide precise data about a pattern of behavior of granular flow from a flat-floored cylindrical 
bin. Further data collection and analysis will provide precise characterization of granular mixing 
behavior. Ultimately the behaviors can be examined statistically to provide a method for 
calculating the amount of grain from each depth that will be present in a load and with what 
degree of confidence that claim can be made. A diligently maintained internal traceability system 
would have records of the mass of any source lot received. The masses can be used to describe 
the physical shapes of the source layers in the bin. Characterization of granular behavior can be 
used to develop a method for calculating the amount of grain from each source layer that would 
be present in a particular load, and the degree of confidence with which that claim can be made. 
The clarification of the probable composition will need to include any lots that could possibly be 
present, but will refine the number of sources identified in a large-lot labeling method, increasing 









CHAPTER 5.    LIMITATIONS AND FUTURE WORK 
While granular materials have been studied for hundreds of years, there is a great 
diversity of scenarios in which the behavior of granular flow is relevant and more knowledge 
about these characteristics is needed. Granular flow is important to industries such as mining, 
construction, pharmaceuticals, cosmetics, and agriculture, as well as other areas of research such 
as the study of landslides, material response to ploughing, and earthquake induced liquefaction 
(Brennen, 2005). Agricultural interest in the behavior of granular flows is directly related to the 
desire for comprehensive traceability systems for management of, and efficient response to, food 
quality and safety threats (Aung and Chang, 2014; Thakur and Hurburgh, 2009; Golan, Krissoff, 
Kuchler, Calvin, Nelson, and Price, 2004). The food industry has been working toward effective 
traceability systems the unknowns about granular flow behavior further complicates attempts to 
fully define the movement of grain. Many techniques have been employed and in small scale 
operations have had much success. Large capacity bulk storage facilities have yet to describe 
how much mixing occurs as grain moves through a container that is too large to be designed for 
flows that are predictable.  
 Granular flow out of an orifice is predictable because grain does not increase in pressure 
as the height of grain in a bin or silo is increased (de Gennes, 1999; Mankoc, Janda, Arévalo, 
Pastor, Zuriguel, Garcimartín, and Maza, 2007). Granular material reaches a maximum bottom 
pressure when loaded into a bin or silo when the grain is higher than 1.2 times the height of the 
bin diameter, and the bin diameter is irrelevant under other dimensional scenarios. This 
characteristic is unique to granular material and is why it cannot be understood within the scope 
of a true liquid. Flow behavior within a bin or silo as grain is unloaded from an orifice in the 
bottom is largely undefined, but some characteristics have been researched. Brennen et al. 
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researched granular flow through a bin with a hopper and discovered that there are two basic 
flow regimes; mass flow, and core flow. Mass flow offers a behavior where all of the grain is in 
motion when the output orifice is open, but core flow produces areas of stagnation in which a 
funnel forms through the body of the material resulting in much of the body of grain being 
forced to the sides of the container while the grain on the surface flows through the center of the 
bin and exits first. A flat floored bin, like the model used here, should result in core flow 
behavior.  
 Grain storage facilities use a variety of methods to maintain or increase quality during 
storage. Commingling practices allow individual facilities to buy grain that is of lower quality 
than their purchasers require, or will result in a long shelf life, and to blend it with higher quality 
grain to reach an equilibrium quality value. This is one of the ways in which these facilities make 
money (Laux, Mosher, and Hurburgh, 2015). These facilities have several types of storage 
buildings they use to store, segregate, and commingle grain. Concrete silos are structurally sound 
enough to be built much taller than steel bins, and generally have hoppers in the bottom. Steel 
bins over 42-feet in diameter are not built with hoppers and have multiple load-out orifices in the 
floor arranged in a row across the bottom with one in the center and one or more to either side. 
Grain elevators are the first actor in the grain commodity value chain and receive grain lots from 
multiple sources. Various modes of transportation are used to transport the grain to and from the 
facility and this means that the grain source lots can vary in depth, and the loads removed from 
the bin can be of variable sizes as well so the input and outputs from the bin are not constant. 
This further complicates attempts at defining the composition of shipments leaving the storage 
facility. Given that commingling practices are a necessary quality management system in the 
grain storage facility, that grain source lots vary in depth, grain removal occurs in varying 
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amounts, and that granular flow from a flat floored bin produce mixing that has not been 
quantified, grain traceability efforts are compromised from the beginning of the value chain. Our 
research is working toward filling that knowledge gap by quantifying the mixing that occurs 
during load-out from a flat-floored bin.  
 Grain storage facilities do not have a uniform set of equipment or methodologies which 
means that the solution will need to be able to capture all of the variety of variables. This 
experiment is looking at one specific scenario in order to verify the viability of the use of a 
model for building a comprehensive system to calculate the mixing that occurs. The experiment 
consisted of a small plastic cylinder adhered to a Plexiglas floor, mounted to a wooden frame and 
legs so that it would be elevated above the grain grading scale and plastic cup used for load-out 
capture. 8mm glass beads of 10 easily differentiable colors were used for the grain layers, each 
layer weighed 800 grams, and were loaded and unloaded from the same receiving and load-out 
points every time. Experiment 1 used 800-gram draws to remove the grain, experiment 2 used 
400-gram draws, and experiment 3 used 200-gram draws. The draws were separated by color and 
each color weighed against the total draw weight to give a percentage of the draw of each color. 
The model has one receiving point and one centrally located load-out orifice in the floor. Many 
potential influences on granular flow behavior and mixing are not included in this first mixing 
quantification experiment. The bin is made of plastic rather than steel which may affect the flow 
characteristics due to differences in friction factors. The model is not corrugated as a steel bin 
would be. The beads used provide consistency in size and mass but do not break apart and 





The bin diameter in comparison with the particle size is a potential influence, as well as the ratio 
of the orifice opening and the particle diameter. Multiple load-out orifices were not considered in 
this experiment.  
 Next steps include further repetitions of this experiment so that statistical analysis can be 
applied to identify the probability that a layer will be present in a given draw, the estimation of 
the mass of the layer that should be present, and the confidence with which that claim can be 
made. Following that the research should be expanded to include grain of various types. 
Comparison of the results of this future work to and EDEM simulation would provide a practical 
verification of the theoretical methods applied in the software. Further research will need to be 
conducted using larger scale bins to verify that the probabilities calculated using the smaller 
models hold true when the scale is changed.  
 It is evident that a great deal of research is needed in this area and that it will take many 
years to provide satisfactory answers to a comprehensive grain traceability system that includes 
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APPENDIX.  GRAPHS OF DATA COLLECTED FROM EXPERIMENTS 
 

















































Figure A2: Average and standard deviation for the mass of each color present per 800 gram draw 
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Figure A4: Average and standard deviation for the mass of each color present in each 400 gram 
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